Binocular rivalry is the alternating perception that occurs when the two eyes are presented with incompatible stimuli. We have developed a new method for controlling binocular rivalry and measuring its progress. One eye views a static grating while the fellow eye views a grating that smoothly and cyclically varies between two orientations, one the same as the static grating and the other orthogonal. Contrast sensitivity was tested monocularly a number of times during the stimulus cycle. When the eye viewing the static grating was tested, sensitivity varied between maximum and minimum values as the conditioning stimulus varied from binocularly compatible to incompatible. The interocular suppression thus demonstrated was limited to the eye viewing the static grating; variations in the fellow eye's sensitivity were due to interocular masking alone.
Introduction
Binocular rivalry occurs when the two eyes are presented with incompatible visual stimuli: the resulting percept alternates every few seconds from one monocular stimulus to the other. At any given moment during rivalry, a monocular stimulus is either dominant or suppressed, corresponding with its being seen or unseen. This cycle between dominance and suppression led to the idea (Fox & Rasche, 1969) that monocular channels in the visual system also alternate between dominance and suppression. There has been a recent renewal of interest in binocular rivalry, mainly because of evidence (Kovács, Papathomas, Yang, & Fehér, 1996; Logothetis, Leopold, & Sheinberg, 1996) that binocular rivalry suppression acts primarily on channels responding to specific stimulus features rather than to stimulation through a given eye. Psychophysical (Wiesenfelder & Blake, 1990) , and physiological (Sengpiel & Blakemore, 1994; Sheinberg & Logothetis, 1997) results indicate that the channels targeted by suppression lie both in and beyond primary visual cortex.
Despite this renewed interest in binocular rivalry, the tools used for measuring rivalry remain primitive. In most studies, subjects are required to report when one percept dominates over the other. Such reporting is open to error, variability, and bias. First, rivalry typically results in three perceptual states, two of which belong to the incompatible stimuli, and the third of which consists of a mixture of the two stimuli. The temporal transitions between these three states are not necessarily clear-cut, and subjects can therefore err in categorising their percepts. Second, rivalry is spatially piecemeal in that one percept can dominate in some areas of the visual field while an alternate percept dominates in other areas (Blake, O'Shea, & Mueller, 1992) . Subjects may vary in which part of the visual field they report on. Third, subjects may have a bias for one percept over another that varies from one experimental condition to another, or between subjects (Engel, 1956 ).
Some progress has been made in finding a more objective method for measuring rivalry. Several studies have used forced-choice methods to measure test stimulus detection or recognition during the dominance and suppression phases of binocular rivalry, and found that performance is significantly poorer during the suppression phase (Fox & Check, 1966; Wales & Fox, 1970; Nguyen, Freeman, & Wenderoth, 2001 ). The problem with these studies lies in the subject's having to indicate which phase applies at any given time. This decision is open to the same sources of uncontrolled variance (slow transitions between perceptual states, spatial inhomogeneity, and bias) described above.
In this study, we describe a procedure that removes the requirement that the subject signal the current perceptual state. The conditioning stimulus presented to one eye is static while the stimulus presented to the fellow eye varies smoothly in time between two forms, one of which is identical to the static stimulus and the other of which is incompatible with it. The suppressive state can therefore vary as a function of the stimulus, rather than as a result of uncontrolled internal processes in the brain. At various stages during the conditioning stimulus cycle, a two-alternative test stimulus is presented to measure visual sensitivity. The subject therefore makes an objective judgement on the test stimulus and is freed from having to report on the perceptual status of the conditioning stimulus.
We have previously published reports of this work in abstract form (Freeman & Nguyen, 1998; Freeman, Nguyen, McGuren, & Gatt, 1999) .
Methods

Subjects
Two subjects with normal visual acuity and stereopsis took part in the study. Both subjects gave written consent to their participation once the methodology had been explained to them, but were naïve as to the purpose and results of the study.
Dichoptic stimulation
The stimulus is represented in Fig. 1 . It consisted of conditioning stimuli to modulate binocular compatibility and a superimposed test stimulus to measure contrast sensitivity. Stimuli were presented on a computer screen (Mitsubishi HL9755) driven by a VSG 2/2 video The conditioning stimulus to a given eye could be either dynamic or static. The figure shows the case in which the left eye is presented with the dynamic stimulus, the right with the static. The dynamic stimulus consisted of a sum of two gratings, one horizontal and the other vertical. The amplitudes of both gratings varied sinusoidally in time, and half a cycle out of phase with each other. The static stimulus consisted of a horizontal grating. When viewed together, the conditioning stimuli varied smoothly and cyclically between binocular incompatibility and compatibility. (B) The test stimulus, superimposed on the right eye's conditioning stimulus, consisted of a spot presented to the left or right of midline, or of a Gabor patch tilted to one side or other of vertical. The subject's task was to indicate spot location or the tilt of the Gabor patch.
card (Cambridge Research Systems) . Left and right eye stimuli were presented on the left and right sides of the screen, respectively. The view presented to one eye was kept separate from that to the other eye by using a septum in front of the screen, and front-surfaced mirrors placed in the optical path. The subject viewed the stimulus through a synoptophore from which the slide mounts had been removed. The synoptophore provided a chin and forehead rest, and mirrors that were adjusted to obtain binocular fusion. The subtense of the stimulus at the eye was kept small in order to avoid piecemeal rivalry. To this end, and in order to obtain a high spatial resolution, the optical distance from screen to eye was set at 6 m.
Conditioning stimulus
The conditioning stimulus contained a fusion circle with inner and outer diameters of 1 and 1.12°of visual angle, respectively. The fusion circle was centred in a rectangle subtending 1.7°horizontally by 2.5°vertically. Nonius lines (0.2°by 0.07°) were placed at the edges of the rectangle to indicate binocular fusion. The Nonius lines and fusion circle were dark (B 0.4 cd m − 2 ) and the rectangle was bright (27 cd m − 2 ). Room lights were turned off so that the computer screen provided the only significant source of light.
The dichoptic components of the conditioning stimuli were presented within the fusion circle and consisted of square-wave gratings with a spatial frequency of 3 cycles deg − 1 . Unless otherwise stated, the stimulus to one eye was a static horizontal grating with a dark bar centred in the fusion circle. The other eye's conditioning stimulus was a sum of two gratings, one horizontal and one vertical. This stimulus was dynamic in that the amplitudes of these two gratings were varied sinusoidally in time at 2 Hz, but half a cycle out of phase with each other. When one of the gratings was at peak amplitude, the other was at zero amplitude. The dynamic conditioning stimulus therefore cycled smoothly between vertical and horizontal. Peak amplitude for the dynamic conditioning stimulus was set equal to the (fixed) amplitude of the static conditioning stimulus. The conditioning stimuli therefore cycled smoothly between binocular incompatibility, where orthogonal gratings were presented to the two eyes, and compatibility, where identical horizontal gratings were presented. Mean luminance within the fusion circle was 27 cd m − 2 and was constant throughout the conditioning stimulus cycle.
Test stimulus
A two-alternative test stimulus was used to measure contrast sensitivity at various stages of the conditioning stimulus cycle. The test stimulus was superimposed on the conditioning stimulus by presenting conditioning stimuli on every second frame of the computer screen and the test stimulus on the remaining frames. The frame rate was 120 Hz; the conditioning and test components were therefore each presented at 60 Hz, resulting in no visible flicker. The test stimulus was presented only to the right eye. Two types of stimulus were used. The first was a uniform spot, 0.16°in diameter, presented with its centre 0.16°to the left or right of the fusion circle's centre. The second was a Gabor patch centred on the fusion circle. The patch consisted of a 3 cycles deg − 1 grating multiplied by a Gaussian function. The grating's amplitude varied sinusoidally with distance across the stimulus, with a dark bar centred on the fusion circle. The grating was tilted 30°clockwise or anticlockwise from vertical. The Gaussian function was also centred on the fusion circle, and fell to e − 1 of its maximum 0.35°from the centre.
Stimulus timing
Prior to a trial, the conditioning stimulus grating presented to each eye was horizontal, resulting in binocular compatibility. A new trial was started by setting the dynamic grating to vertical and initiating its variation in time. The test stimulus was presented at a specific phase of the conditioning stimulus cycle. An interval of 0.5 s was allowed to elapse after the start of the trial, and the test was presented at the first occurrence of the required phase thereafter. The test was centred on that phase and lasted for 33 ms (two test stimulus frames plus two conditioning stimulus frames). Dynamic variation of the conditioning stimulus stopped 0.25 s after the end of the test. The subject's response to the trial started a new trial.
Stimulus contrast
Stimulus contrast was determined by subtracting mean from peak luminance, and dividing by mean luminance. The maximum contrast of the dynamic conditioning stimulus, the fixed contrast of the static conditioning stimulus, and maximum test contrast, were all equal to 0.5. Higher contrasts could not be used, due to the interleaving of conditioning and test stimuli.
Psychophysical method
Contrast sensitivity was measured using a two-alternative forced-choice method. On each trial, the subject pressed one of two buttons to indicate which test location or orientation appeared. When the subject's choice was wrong a tone provided feedback, and test contrast was increased by a factor of 1.25. For every three consecutive correct choices, test contrast was decreased by the same factor. Testing was continued until seven reversals in the direction of contrast change were complete; this procedure asymptoted to a probability of correct choice of around 78%. Contrast threshold was obtained by averaging the contrast on the last six reversals, and contrast sensitivity was set equal to the reciprocal of contrast threshold. Four contrast sensitivities were obtained on each run by randomly interleaving four contrast staircases. This meant that the subject could not predict the contrast for a given trial. The test stimulus was presented at the same conditioning stimulus phase on all four staircases in a run. Responses at eight phases were measured in successive runs, in the following order: 0°, 180°, 45°, 225°, 90°, 270°, 135°, and 315°.
Results
Suppression
The filled circles in Fig. 2 show the results when a dynamic conditioning stimulus is presented to the left eye and a static conditioning stimulus to the right. Data for two subjects are shown. The horizontal axis gives time expressed as the phase of the conditioning stimulus cycle. As the figurines below the axis show, the left and right eye conditioning gratings were orthogonal at the start and end of the cycle, and aligned at the middle of the cycle. The vertical axis gives the contrast sensitivity obtained by presenting a brief test stimulus to the right eye at eight phases during the conditioning stimulus cycle. Results for two types of test stimulus are shown, a uniform spot of light in part A of the figure, and a Gabor patch in part B.
The two test types give similar results: sensitivity varies from its minimum value to a maximum as the conditioning stimulus changes from binocularly incompatible to compatible. What is responsible for the cyclic variation in sensitivity? Its source must be interocular since the test is delivered only to the right eye, and the conditioning stimulus presented to that eye does not vary. One possibility is interocular masking: this refers to the loss of visibility of a monocular stimulus when it has a similar spatial form and/or timing to the stimulus presented to the other eye. The cyclic variation in sensitivity is unlikely to be solely due to interocular masking since the test stimuli differ in spatial form from the conditioning stimulus. Another experiment, described below, shows that interocular masking cannot explain sensitivity changes that are synchronised with the conditioning stimulus. We therefore ascribe this modulation of sensitivity to a dynamic variation in interocular suppression.
The dashed lines in the figure show a more conventional measure for interocular suppression, that is, binocular rivalry suppression. To obtain these data, the conditioning stimulus for the left eye was fixed at its vertical phase, meaning that the conditioning stimuli were permanently orthogonal for the two eyes. Binocular rivalry ensued, and the subject triggered the test stimulus when either the horizontal or vertical conditioning stimulus was perceived. These two cases correspond to dominance and suppression, respectively, of the right eye's conditioning stimulus. Contrast sensitivity was measured using the same psychophysical procedure as that used with the dynamic conditioning stimulus. The upper dashed line in the figure gives contrast sensitivity during dominance, and the lower line suppression.
There is a close correlation between the results for dynamic and static rivalry. The maximum sensitivity obtained with a dynamic conditioning stimulus is close to the sensitivity measured during dominance, and the modulation of sensitivity during dynamic rivalry is about twice the amplitude of the modulation obtained with static rivalry. The dynamic conditioning stimulus therefore allows the objective measurement of a process closely related to binocular rivalry suppression, with no requirement on the subject to indicate the perceptual phase of rivalry.
Masking
The results in Fig. 2 raise a question: might some of the sensitivity changes brought about by the conditioning stimulus be due to interocular masking? To answer this question, we again used a dynamic conditioning stimulus. This time, however, the same conditioning stimulus was delivered to both eyes so that there could be no interocular suppression. Any resulting changes in sensitivity must be due to masking.
The results are shown in Fig. 3A for two subjects. As before, the horizontal axis shows the phase of the conditioning stimulus. In this case, though, contrast sensitivity does not vary in synchrony with the conditioning stimulus but at twice its frequency. The test stimulus was a Gabor patch tilted 30°to the vertical. It can be masked only weakly by the vertical and horizontal phases of the conditioning stimulus, because these differ by at least 30°in orientation from the test (Phillips & Wilson, 1984) . Instead, maximum masking occurs at phases close to a quarter and three-quarters of the way through the cycle, when the amplitudes of the horizontal and vertical gratings are changing fastest. It is likely, therefore, that masking occurs when the temporal properties of the conditioning stimulus most closely approach those of the (transient) test stimulus.
Two possible objections to this conclusion should be noted. First, the sensitivity in Fig. 3A at a phase of 180°is lower than that in Fig. 2B , even though the instantaneous stimuli are the same in the two cases. It seems, therefore, that the presentation of a dynamic stimulus to the tested eye lowers sensitivity not only when it is changing fastest, but also across the whole stimulus cycle. Second, while we have ascribed the sensitivity modulation in Fig. 3A to masking, there is another possibility. Monocular rivalry can reduce the Fig. 3 . Modulation of sensitivity at twice the frequency of the conditioning stimulus. The subjects and axes are the same as in the previous figure, and error bars again give 95% confidence intervals. (A) Conditioning stimuli were dynamic and identical for the two eyes. Changes in sensitivity can therefore be due to interocular masking but not suppression. (B) Conditioning stimuli to the left and right eyes were static and dynamic, respectively. Changes in sensitivity are similar in form to those in (A). (A, B) The curves show the best-fitting Fourier series consisting of mean and second harmonic components. The goodness-of-fit indicates that there is little or no sensitivity modulation at the frequency of the conditioning stimulus. Fig. 4 . Sensitivity modulation as a function of conditioning stimulus frequency. A dynamic conditioning stimulus was presented to the left eye, and a static conditioning stimulus to the right. The horizontal axis gives the phase at which a test was presented, and figurines show representative phases. Contrast sensitivity was strongly modulated when the temporal frequency of the conditioning stimulus was 2 Hz, but modulation amplitude was reduced at lower frequencies. Curves show the best-fitting Fourier series consisting of mean and fundamental components. visibility of a grating when an orthogonal grating is presented to the same eye: is monocular rivalry a significant factor here? Wade (1975) produced binocular rivalry by presenting a grating to one eye and an orthogonal grating with complementary colour to the other eye. Subjects perceived one or other grating for most (84%) of the viewing time. But when both gratings were presented to the same eye to produce monocular rivalry, subjects perceived a single grating for only 14% of the time, and a composite of the gratings for the remainder. Even when one grating was suppressed by monocular rivalry, it was still partially visible. Making the two gratings the same colour (as in our case) further weakened the rivalry. Thus, monocular rivalry may be present in our experiment, but its effect is probably small. Do the results in Fig. 2B depend on which eye receives the dynamic conditioning stimulus? This question was answered by switching the conditioning stimuli between eyes so that the left eye received the static conditioning stimulus and the right eye the dynamic stimulus. The results, shown in Fig. 3B , indicate a pattern of sensitivity loss very similar to that seen in part A of the figure. Indeed, fitting a second-harmonic Fourier component to the data (as shown in the figure) and performing a one-way analysis of variance on the residual error showed that the error did not depend on phase (F(7,32)=1.74, P = 0.13 for subject DN, and F(7, 44) =1.36, P= 0.25 for subject ZH). Since the second harmonic is due to masking, the sensitivity variation in Fig. 3B can also be ascribed to masking.
It appears, therefore, that the sensitivity changes found in a monocular visual channel depend on the type of conditioning stimulus presented to its eye. When a dynamic conditioning stimulus is presented to one eye and a static stimulus to the fellow eye, the eye presented with the dynamic stimulus undergoes masking, while sensitivity loss in the fellow eye is primarily due to interocular suppression.
Low frequencies
The temporal frequency of the conditioning stimulus used to generate Figs. 2 and 3 was 2 Hz. Binocular rivalry, by contrast, alters perception at substantially lower temporal frequencies. Periods of dominance and suppression during rivalry are of the order of 2 s each (Breese, 1899) , meaning that the natural frequency for rivalry can be no more than 0.25 Hz. To further compare interocular suppression produced by the dynamic stimulus with that produced by binocular rivalry, we therefore lowered the frequency of the dynamic stimulus. Fig. 4 shows the variation of contrast sensitivity with conditioning stimulus phase for frequencies of 2, 1, and 0.5 Hz. The dynamic conditioning stimulus was presented to the left eye and the static stimulus to the right. The data from our two subjects indicate that the modulation of sensitivity declines as the temporal frequency falls. Significance testing (using a one-way analysis of variance) showed that the modulation was significant at the 5% level in both subjects at 2 Hz, in one subject (ZH) at 1 Hz, and for neither subject at the lowest temporal frequency.
Why is the dynamic stimulus incapable of modulating sensitivity at low temporal frequencies? Our subjects reported that their percepts changed as the temporal frequency fell. At 2 Hz, they perceived only the dynamic stimulus. At 1 and 0.5 Hz, the percept consisted of either the dynamic stimulus or the static stimulus, and shifts between the two types of percept were unpredictable. It appears, therefore, that contrast sensitivity at low driving frequencies was set not by the dynamic stimulus but by random fluctuations between dominance and suppression produced by binocular rivalry. Since the test stimulus at a given conditioning stimulus phase could be presented in either a dominance or suppression interval, modulation of sensitivity was reduced.
Discussion
Objecti6e measurement of interocular suppression
One of our aims was to measure interocular suppression more objectively. Others have taken several steps towards this end. Wolfe (1984) presented a contoured stimulus to one eye and then introduced a rivalrous stimulus to the previously unstimulated eye. Subjects reported that they saw only the latter stimulus for 100-200 ms after its introduction, indicating that the initially stimulated eye was reliably suppressed by the procedure. Wolfe's subjects used a rating scale to indicate their percept. Ooi and Loop (1994) took this measurement of 'flash suppression' a step further by presenting a brief test stimulus to the suppressed eye. The threshold for detecting the test, measured through the method of adjustment, was compared to the threshold during monocular viewing. The results showed that flash suppression produced a substantial threshold increment.
The new method we have described has advantages over the previous work.
Both rating scales and thresholds measured with the method of adjustment can suffer from variable responses due to shifts in subjects' decision criteria. The use of a two-alternative forced choice and contrast staircase minimises this source of uncontrolled variance and sets the subject's level of discrimination at a value that is both known and controllable. Wolfe (1984) and Ooi and Loop (1994) used stimuli with sudden onset, yielding a transient response. We have used a cyclic stimulus that produces a response approaching steady state behaviour. The advantage here is that the response can be measured as a function of temporal frequency. Knowledge of the frequency response allowed us to compare stimulus-induced suppression with endogenous rivalry.
Is it binocular ri6alry?
Our results were obtained with a stimulus cycling between binocular compatibility and incompatibility. Binocular rivalry, however, is conventionally evoked with a static stimulus. Do the results presented here extend the description of binocular rivalry? Several lines of evidence suggest that they do. First, peak sensitivity is the same in the two cases. The sensitivity measured during the dominance phase of binocular rivalry (upper dashed lines in Fig. 2 ) matches well with peak sensitivity during dynamic stimulation (Fig.  4) . Second, the maximum modulation of contrast sensitivity produced by a stimulus cycling between binocular compatibility and incompatibility is about 30% (a value obtained from Fig. 2B by dividing the amplitude of the fundamental component by its mean). This value is similar to the loss of sensitivity during static rivalry suppression, a loss measured by asking the subject to trigger a test stimulus when a conditioning stimulus is either dominant or suppressed (Nguyen et al., 2001) . Third, sensitivity is least when the dynamic conditioning stimulus is most dissimilar to the static stimulus. This parallels the requirement for conventional rivalry that the stimulus presented to one eye must differ substantially from that presented to the other eye. Finally, the modulation we have determined depends little on the type of test stimulus used, or whether the subject is making a location or orientation judgement. A similar independence between suppression and behavioural task has been observed in studies of conventional rivalry (Blake & Fox, 1974; Nguyen et al., 2001 ).
Eye suppression or stimulus suppression?
Two forms of binocular rivalry suppression have recently been distinguished. Eye suppression refers to the suppression of one monocular pathway, such that a stimulus delivered to that pathway's eye is reduced in visibility, while a stimulus to the other eye is unaffected (Blake, 1989; Nguyen et al., 2001) . The other form, stimulus suppression, applies when stimuli of a given chromaticity (Kovács et al., 1996) or spatial form (Logothetis et al., 1996) are suppressed, regardless of the eye to which they are presented. The suppression we have measured falls clearly into the eye suppression category. This can be seen from Fig. 3 , which shows that when the test is delivered to the eye receiving the dynamic conditioning stimuli, suppression disappears. That is, suppression occurs only for test stimuli delivered to the eye receiving the static conditioning stimulus.
We have previously presented a hypothesis (Nguyen et al., 2001) to explain the finding of eye suppression when other experiments show the importance of stimulus suppression. The hypothesis rests on the finding that interocular suppression is a distributed property in visual cortex, and that suppression amplifies as activity moves from primary cortex to higher levels (Sheinberg & Logothetis, 1997) . We have used a simple discrimination task (spot location or grating orientation) that could well be performed at early stages of the cortical pathway, in particular at a stage where many cells are monocularly driven. Such a site for interocular suppression could result in eye suppression. Experiments demonstrating stimulus suppression rely on perceptual reports rather than stimulus detection (Kovács et al., 1996; Logothetis et al., 1996) and are therefore presumably tapping the activity of later cortical stages.
